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The term “head irequency, as used by Child (1941), refers to the commerce. 
ness and rate of differentiation of head structures in regenerating planaria. In 
most species of planarians the regeneration of head structures is less complete and 
occurs more slowly at successively more posterior levels. Heads regenerated at 
progressively posterior levels are smaller, until no head regeneration at all occurs 
at the extreme caudal end of the worm. There is also an anterior-posterior gradi- 
ent of rate of regeneration of head structures, and this can be visualized most 
easily by comparing the time required after cutting the worms for the formation 
of eyespots at different levels of the worm. 

Quantitative anterior-posterior gradients of incorporation of C-labeled CO, 
and glycine into the protein fraction of planaria (Dugesia tigrina and D. doroto- 
cephala) have been demonstrated (Flickinger, 1959). These gradients can be 
abolished by treating the worms with chloramphenicol or colcemide (deacetyl- 
methylcolchicine) for one or two days. Furthermore, the polarity of regenerating 
worms can be reversed by embedding the cut pieces in agar slabs and then im- 
mersing the prospective anterior end of the worm into a solution of chloramphenicol 
or colcemide (Flickinger, 1959; Flickinger and Coward, 1962). Presumably the 
gradient has been altered by this treatment, inhibiting the prospective head end of 
the cut piece, thus allowing cephalic ditferentiation at the prospective caudal end. 

These experiments illustrate that reversal of the normal gradient of protein 
synthesis reverses the polarity of the regenerating worm, but such experimental 
control of polarity is of a negative nature. On the other hand, Brénsted and 
3rdnsted (1953) have shown that addition of yeast sodium ribonucleate to starved 
decapitated planaria can accelerate the time of eyespot formation, which suggests 
that certain metabolites playing a part in protein synthesis are not present at optimal 
levels in starved planaria. It is known that the head frequency (Le extent and 
rate of head formation) is greatest in anterior regions, most easily evidenced by the 
fact that eyespots form later in the posterior regions. The results of Bronsted and 
s3rénsted (1953) suggested that treatment of sections from different body levels 
with sodium ribonucleate, amino acids, or other substances that might promote 
protein synthesis, would alter the head frequency gradient. 


MATERIALS AND METHODS 


The planaria, Dugesia dorotocephala, were obtained from a commercial sup- 
plier and were starved for various periods of time before being used BELON 
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cutting, ti worms were washed several times with boiled tap water, exposed to 
hacteriocidal ultraviolet Hight for five nunutes and then cut with cataraet knives. 
The heads and tails were removed and the rest of the worm was cut ito three or 
SIN ae of equal size (lag. 1). In tabulating the results the picees are numbered 
man ee ae direction. In some experiments with the worms cut into 
six pieces, the middle pieces (3 and 4) containing the pharyux were not used. Tn 
those worms cut into three parts, the pieces corresponding to pieces | + 2, 3+ 4 
and 5 +6 of the worms divided into six parts. The horse serum, chick embryo 
extract, vitanmn and amino acid mixtures (essential and non-essential amino acids 





Figure 1. Diagram showing the regions used for regeneration experiments after removal 
of the head and tail. The pieces (3, 4) containing the pharynx (Ph) were not used in some 
of the experiments. 


of Itagle’s basal medium) were obtained commercially; the horse serum and chick 
embryo extract were shipped in the frozen state. N penicillin-streptomyein mi1x- 
ture (1%) was present in each of the media, including the boiled tap water. 

In the first type of experiment the compounds to be tested were dissolved to- 
gether ina 1/10 dilution of Niu-Twitty saline (Niu and Twitty, 1953) to provide 
a complex nutrient medium. In the other experiments these fractions were dis- 
solved in Seitz-filtered tap water and tested individually. In two series of experi- 
ments with yeast ia ribonucleate, cut sections were exposed only to sodium 
RNA for one day after cutting, subsequently being transferred to boiled tap water. 
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In all other experiments the cut worms were maintained continually in the test 
medium or boiled tap water in small Stender dishes. The pll’s of the various 
media were 7.2 to 8.0. The regenerating worms were matuitained at 20° C. and 
transferred to fresh media every secoud day. 


RESULTS 
Evpertuents with conpler autrient meduun; continual exposure 


The heads and tails of 30 worms that had been starved for 5 days were cut 
away and the remaining midsection cut into three pieces of equal size. The cut 
sections from 15 of these worms were cultured in boiled tap water containing 1% 
penicillin-streptomycin ; the cut pieces of 15 other worms were cultured in a 1/10 
dilution of Niu-Twitty medium containing 5% horse serum, 1% chick embryo 
extract, 1% vitamin mixture, 0.5% concentration of both the essential and non- 


TARLEN 


Regeneration of eyespots in nutrient medium versus tap water; worms starved 10 days 














Number with eyespots 











Medium Level of section* Number of sections 5 | 6 | 1 | 8 
Days after cutting 

A. lap sxater eee 15 10 13 15 is 
B. Nutrient medium** 1+ 2 ile: 11 14 14 14 
A. Tap water 3 +4 13 1 2 5 6 
B. Nutrient medium 3+4 15 9 ES 14 14 
A. Tap water 5+6 13 1 6 7 
B. Nutrient medium 5+6 iliS (| We 14 i4 











* The numbers refer to the various levels shown in Figure 1. 
** The nutrient medium was composed of 5% horse serum, 0.5% amino acids, 1° ¢ chick 
embryo extract, 1°? vitamin mixture and 0.2% glucose in sterile tap water. 


essential amino acid mixtures of Eagle’s medium, 1% glutamine, 0.2% glucose 
and 1% penicillin-streptomycin under a 95% air-5% CO, atmosphere. Observa- 
tion of these cut worms revealed that the head frequency was higher in the anterior 
(number 1) as compared to the middle (number 2) and posterior (number 3) 
sections. However, the nutrient medium had no significant effect in accelerating 
the time of eyespot appearance or the number of eyespots differentiating at any 
Ol the Hitec eels: 

This experiment was then repeated with worms that had been starved for 10 
days instead of 5 days. In this experiment both the extent and time of appear- 
ance of eyespots in the middle and posterior pieces (levels 2 and 3) were stimulated 
in those regenerates maintained in the nutrient medium, as compared to the con- 
trols kept in tap water, but there was no effect upon the anterior pieces (level 1) 
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(Table IJ. Six days after cutting, 13 of the 15 cut midsections mn the nutrient 
medium had formed eyespots, while only 2 of 13 in tap water had formed eye- 
spots: 12 of 15 of the posterior pieces in nutrient had formed eyespots, versits 6 
of 13 pieces in tap water. Plus, the frequeney of evespot formation, as well as 
the rate, is influenced by the nutrient medium. Eight days after cutting of the 
most posterior sections (level 3), 14 of 15 pieces in the nutrient medium possessed 
eyespots; at this suie time eyespots were present in only 7 of 13 pieces that 
regenerated in tap water. Subsequent observation for another week revealed 
no further differentiation of eyespots in these worms. 


Experiments with sodium ribonucleate, one-day exposures 


In this series of experiments 45 planaria were starved for 14 days, the heads 
and tails extirpated and the remainders of these worms were cut imtoo six pieces 
of equal size (Fig. 1). Fifteen sections from each level were used in each of three 
test solutions: (1) 0.01% sodium ribonucleate, (2) 0.003% sodium ribonucleate, 
and (3) boiled tap water. The worms were exposed to sodium RNA solutions for 


TABLE TI 


Regeneration of eyespots after a one-day exposure to yeast sodium ribonucleate; 
worms starved for 14 days 








| Number with eyespots 





Level of Total number 4 | 5 | G | | 8 | 9 



































Medium section of sections 7 
Days after cutting 
A. Sodium RNA (0.01%) 1 | 12 | 5 7 Ior fi 11 11 
B. Sodium RNA (0.0056 ) 1 }4 S 11 | aon aoe es 13 | ‘3 
C Tap water | 14 4 6 11 13 13 | 3 
A. 2 ijel — Í ] 2 3 3 
B. 2 14 == 2 2 2 3 3 
C. 2 i+ ees 1 2 5 6 6 
AS 3 12 = Í ] 1 1 1 
B. 3 1+ = Y 2 2 3 3 
C. 3 3 == == ] Í 1 1 
A. 4 15 = == = = 1 ] 
B. 4 I5 == 1 1 1 1 2 
C + 14 — = == Sie a 
A 5 13 — 2 3 3 3 4 
B 5 14 — 1 1 1 | || 
C 5 14 = = 1 1 1 1 
À. 6 15 = 2 | S 12 12 12 
B. 6 13 oo 6 9 11 11 12 
G 6 14 — 2 5 6 6 
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TABLE III 


Regeneration of eyespots after a one-day exposure to yeast sodium ribonucleate; 
worms starved for five days 



























































| | Number with eyespots 
n n 
Medium | ae ey | pe ese: e 4 | 5 | 6 | 7 | 8 | 9 10 

| | Davys after cutting 

A. Sodium RNA (0.01%) | 1 | 14 l ee! 5 | 6 | 6 | 7 9 

B. Sodium RNA (0.005°%) 1 15 1 a l 6 So LO TE 

C. Tap water | J 15 pom | Ye: 6 8 oae Oo oe 
| | | | | | 

A, | 2 14 — : — | — I ez 2 2 

B. 2 14 - 2 3 4 | 4 

G 2 | 15 eS a, 

A. 5 15 l2 |. 2 2 | ne 

B. 5 | IS | ae — 

C. 5 15 1 1 1 1 

Ac 6 IS | | 3 9 | 11 11 11 11 

Bye 6 | IS | | 7 i | 13) 13 Gis is 

Cc: | 6 | 15 D i 5 5 U, 9 | 10 














the 24-hour period after cutting, and then transferred to boiled tap Water. Re: 
generation was followed up to 20 days after cutting, but differentiation was com- 
plete 9 days alter citing. The results are show ine Lable IL ii the most 
posterior sections of the worms (level 6), both concentrations of sodium RNA 
seemed to have stimulated a higher incidence of eyespot ditferentiation seven days 
after sectioning the worms. 

This experiment was repeated in the same way with a group of worms that 
had been starved for five days, and stimulation of time of eyespot formation oc- 
curred at the postemor Jevel These results are presented in Table riL a Wie 
results of cut sections 3 and 4 are omitted in the table because these regions re- 
generate poorly, presumably due to the mechanical interference of the pharynx. 
The effects of RNA in speeding the time of differentiation of the eyespots are 
evident at level 6, and this effect is demonstrated to a shght extent at level 2. 


Experiments with Horse Serum, Amino Acids, Chick Embryo Extract. Sodium 
Ribonucleate and Tap Water: Continual Exposure 


From worms starved for 30 days, 10 cut sections from each of the four regions 
1, 2,5 and 6 (Fig. 1) were cultured 1m each of the following separate solutions 237 
horse serum, 0.5% essential plus 0.5% non-essential amino acids of Eagle's me- 
dium, 19¢ chick embryo extract, 0.005% yeast sodium ribonucleate and boiled tap 
water. These media were diluted to the test concentrations by addition of Seitz- 
filtered tap water which contained a 1% penncillin-streptomycin misture. The 
results are given in Table IV. It is evident that the normal gradient of head tre- 
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diate TY 


Regeneration of evespots upon continuous exposure to various nutrient solutions and 
lap water; worms starved for 30 days 







































































Number with eyespots 
_ | Total ae 
Medium | beet! aioe ae. oo aS | 9 | 10 | E IE 
| pieces l » a e 
Days after cutting 
| | | 
H.S. Horse seruni (5) 9 | I , | 5 | 7) ee? ee ce 3 
A.A.-~ Eagle's essential and | 
non-essential amino acids | | 
OS 7 each) ] 7 | 2 g 5 SNS | 5 | 6 
E.E.— Chiek embryo ex- : | 
trae) 1 7 | 3 ar 7 7 7 7 7 
RNA— Yeast sodium ribo- | 
nucleate (0,005) DRS 7 zs) 6 [7 im Bees || 
H:O — Boiled tape water 8 2 a 3 3 S 5 6 7 
HLS. 2 8 2ah2 | 2) 2 | 3 30a 
AN. 2 8 r | 2 3 5 1-0 6 6 
EE. 2 5 re a a ae | eee 
RNA 2 10 ME E E EE Romie 
H:O 2 s Sele Bate 2 | 2 | 3m 2) Sabo 
HLS. | 5 8 o er y2 | 2 | ma Eai | 
AN | 5 6 Rl 3 | 3°) 4 }a ls SI f 
K.E. Ss 10 fof ci te) a Nee a | ae 
RAZY 5 9 I l ] 1 l l Í 
HO 5 10 I 1 3 3 3 3 4 
HLS. | 6 8 1 Seto al S| 7] al 7hle Tel 
ALA. 1 6 8 H a l l EREDE Al one Onl 
RE. l 6 P| 8 P25 4°) 4 | 4p oT ys 1 8 
RAA 6 a ) E T E A ER E es 
H:O 6 10 2 5 SO E 6 6 6 
| 





quency that is observed in worms regenerating in tap water is modified in sections 
l amd 6 by cach of the test solutions, as shown by acceleration of the time of eye- 
spot differentiation, In these experiments the extent of eyespot regeneration did 
not seem to vary between the nutrient solutions and tap water controls at the 
various levels. 


Isotopic Experiments with Worms [Exposed to Nutrient Medium 


In order to test the asstmuiption that the nutrient medium had stimulated protein 
synthesis, studies using labeled CO, were undertaken. Worms starved for three 
weeks were divided tito two groups of 60. Group | owas cut to provide three 
regenerating picces, cach with two wound surfaces, per intact worm (1 + 2, 34+ 4, 
9+ 6; Ig. 1). Group T had only the heads and tails removed to provide one re- 
generating piece, each with two wound surfaces, per mitact worm. Each group was 
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divided in half, 30 pieces of each kind being cultured in nutrient medium and 30 in 
Seitz-filtered tap water. The nutrient medium was the same as previously used, 
but horse serum was omitted and exposure lasted four days. .\t the end of this 
period the regenerating pieces were exhaustively washed over a four-hour period 
and then incubated separately, each with 150 pe. CM'O.,, for three hours, according 
to the method of Flickinger (1959). The ineubatton was terminated by the addi- 
tion of cold 10% TCA. The regenerating pieces of Group Tf were cut in three 
pieces, pre-pharyngeal, pharyngeal and post-pharyngeal, which corresponded to 
the three levels of Group I. Following homogenization and washing with 10% 
TCA, the residue was treated with hot 5% TCA to hydrolyze nucleic acids, and 
then lipids were extracted. The residue, designated as the protein fraction, was 
dissolved in 0.5 ml. 0.2 N NHOH, plated on tared planchets, weighed, and 
counted in a gas-flow counter. Self-absorption was not a significant source of 
error. The results of this experiment (Table V) clearly demonstrate that stimu- 


TABLE V 


Effect of nutrient medium on stimulation of CHO» incorporation into protein of 
regenerating worms; worms starved three weeks 





























Group Í Group II 
Medium Level of VR. eS ee ee a 
section* ya 3 a 5 
CI M, MG % Stimulation CPM MG % Stimulation 
Protein | Protein 
= n ee See EES - = | Ea nou 
Tap water i+ 2 8,928 | —— 9,672 — 
3+4 7,896 | == 9,139 == 
5+6 6,169 | == 6,502 = 
| 
1+2 2116 — 322 15,605 +161 
Nutrient medium ** 3 +4 9,947 +126 6,976 — 131 
5+6 11,545 +187 19,770 +304 








* See Figure 1. 
** The nutrient medium was the same as in Table I except for the omission of horse serum. 


lation of protein synthesis discernible by C=O, incorporation is greatest in the 
posterior levels. It is noteworthy that the axial gradient of incorporation (Flick- 
inger, 1959) is preserved in the tap water controls, but markedly altered in those 
from nutrient medium. 


Discussion 


The results of this investigation clearly support previous work (Child, 1941) 
and demonstrate that an anterior-posterior gradient of head frequency exists 
for the time of appearance and completeness of development of eyespots in pieces 
of regenerating planaria. Furthermore, the data indicate that if sodium ribo- 
nucleate, horse serum, amino acids, or chick embryo extract are added to the 
medium, the number of eyespots forming and the rate of their appearance are 
usually increased, particularly at the posterior levels of the worm. This effect 
is more striking in worms that have been starved for longer periods, but even in 
starved worms the extent of eyespot formation is sometimes not affected, although 
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the rate ol eyespot regencration is stimulated. Regeneration is usually quite poor 
in pieces in which the pharynx occupies the majority of the ptece; thus  sueh 
regions were not utilized in some of the experiments. 

Some attempts were made to reverse the polarity of regenerating pieces by im- 
mersing the prospeetive posterior end of the worms in 0.005% sodium ribonuelcate 
in the agar-slab type of experiment (Flickinger, 1959), but these experiments were 
unsuccessful. Phe eompounds used in this study, which we have designated as 
nutrients, can aecelerate differentiation of cephalic struetures, an effect which ts 
more pronounced at posterior levels. Despite the fact that these nutrients cannot 
be demonstrated to affect polarity in the agar-slab experiments, as chloramphenicol 
does, they do stimulate the rate and extent of cephalic regeneration, suggesting 
that their availability influences the rate of protein synthesis. Previous mention has 
been made of the evidence relating a gradient of protein synthesis to the biological 
polarity in the regenerating planarian (Flickinger, 1959; Flickinger and Coward, 
1902); 

The results of our earlier experiments show that this stimulation is greater at 
posterior levels of the worms where isotopic data show a lower rate of incorpora- 
tion of CO, and glycine into protein (Flickinger, 1959). The present tsotopic 
data demonstrate that nutrients stimulate protein synthesis asymmetrically in re- 
spect to the normal axial gradient. This is in harmony with the observed biological 
effect—the increase of head frequency at posterior levels. The fact that substrates 
and cofactors necessary for protein synthesis can stimulate the rate of eyespot 
formation in cut posterior regions of the worms more than at the anterior end sug- 
gests that these materials are not present at optimal levels in the posterior parts 
of the worms. This contention is in agreement with the hypothesis that head 
formation occurs at the cut end of the worm with the highest level of activity of 
the protein-synthesizing mechanisms. Furthermore, the inhibitory role of the head 
in preventing posterior cephalic differentiation may be due to its capacity to drain 
substrates and cofactors from the more posterior levels. 


SUMMARY 


1. Planaria, Dugesia dorotocephala, were starved for periods of 5-30 days, the 
heads and tails removed and the remainders of the worms were cut into three, four 
ur six pieces. These sections were allowed to regenerate in tap water or in solus 
tions containing yeast sodium ribonucleate (0.005-0.01%), horse serum (5%), 
amino acids (1%), and chick embryo extract (1%). The media were changed 
every second day. The cultures were observed daily and the time of eyespot 
formation was recorded. 

2. All of the nutrient solutions tested were effective in promoting the rate of 
regeneration of eyespots, particularly in the posterior pieces in which eyespots ap- 
peared 1-2 days sooner than in the tap water controls. The effect of the test 
solutions upon the extent of eyespot regeneration is less consistent, but some 
stimulation of differentiation at the posterior levels was observed. 

3. Exposure to yeast sodium ribonueleate for only a day after cutting the worms 
also stimulated head frequency posteriorly, but this 1s not as effective as continual 
eXposure. 
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4. The biological results were confirmed by CMO, incorporation studies which 
demonstrated increased synthetic activity in posterior levels of the worms that had 
been exposed to the nutrient medium. 
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